Three-dimensional cell culture is widely used for challenging to biomedical tissue reconstruction. A mass of the reconstructed tissue has been limited because of difficulty in supplying sufficient amount of oxygen deep into the densely cultured cells. Although many methods are available for supplying oxygen, we focused on utilizing microbubbles. The aims of the present study were therefore to develop a microbubble generator suitable for cell culture, and to examine its effects on cellular activity. A new microbubble generator was designed so that it could be autoclaved and settled in a culture vessel with medium. Filtered clean air was introduced to the generator, mechanically sheared by a rotating disk, and then supplied into the culture vessel. This method significantly elevated the dissolved oxygen level by approximately 1.5mg/l. Microscopic measurement showed that 66.8% of the bubbles was distributed within 5-20µm in diameter, meaning that the generated bubbles had a good morphological feature of microbubbles. With and without microbubbles, gel-embedded MC3T3-E1 osteoblastic cells were three-dimensionally incubated for 3 days. Cell viability assay showed that the introduction of microbubbles increased necrotic cell death, which might be due to hyperoxia as well as fluid shearing force. However, relative alkaline phosphatase activity was significantly enhanced by microbubbles. Although further examination is needed, microbubbles would have a potential to enhance osteoblastic cell activity, and could be utilized for effective aeration in dense three-dimensional cell culture.
Introduction
Artificial tissues generated by tissue engineering have attracted much attention in various fields because they have a great potential to repair miscellaneous tissue defects in clinical practice, and then solve the problem of organ and donor shortages (1) . Although tissue engineering still needs many challenges to overcome various problems, engineers have been making efforts to support it. For instance, to promote tissue formation, a number of three-dimensional (3D) biodegradable scaffolds have been developed (2) ~ (4) . Previous experiments have shown that a proper biomaterial for attachment and development is necessary for cells to promote their typical differentiated phenotypes (5) (6) . Cells cultured two-dimensionally on conventional dishes tend to dedifferentiate and result in losing many of their typical characteristics. Fabrication of 3D scaffolds mimicking natural extracellular matrix (ECM) environment is a key to successful tissue engineering. Another key technology of 3D tissue formation must be to imitate physiological nutrient and oxygen environment as close as possible. Because the cells are very densely grown in 3D culture, they need continuous supply of nutrient and oxygen, and also need efficient removal of metabolic waste. Conventional culture method, in which 3D scaffolds containing cells were just immersed in static medium, could not satisfy these demands. One of the possible solutions is application of medium flow such as rotation or perfusion culture system. In the former system, forced convection of culture medium promotes nutrient/waste exchange in addition to gas diffusion. In the latter, fresh medium is usually supplied from an inlet, passed through 3D scaffolds, drained from the other side, and often discarded at one use. Because the perfusion culture surely provides the continuous exchange of medium and constant removal of metabolic waste, it has been adopted for a number of cells and tissues (7) ~ (11) . All of these previous attempts have reported that the perfusion culture achieved cell growth enhancement, higher matrix synthesis, and better tissue integrity. While the perfusion culture must be a promising technology for 3D tissue formation, there are still some problems on practical side. For instance, assembling the culture system often takes much effort because a scaffold containing cells must be placed into a perfusion channel with keeping sterile and cell viability. Moreover, each scaffold usually needs an independent perfusion circuit, and therefore rather complicated system might be needed for mass production of 3D tissues. In contrast, a bulk bioreactor would be far from these troubles if the problem of oxygen supply could be cleared. In order to scale up the size of tissue formation, the bulk bioreactor with efficient mass transport would be ideal.
We focused on utilizing microbubbles to promote nutrient/waste exchange and provide enough amount of oxygen into the bulk bioreactor. Microbubble is generally defined as a bubble smaller than 50µm in diameter, and has a number of unique characteristics that a normal-sized bubble does not have. However, conventional microbubble generators are unsuitable for cell culture application because they usually need large volume of liquid, introduce gas to high-pressured fast liquid flow, and then collapse it into microbubbles (12) (13) . The current study was therefore aimed to develop a new microbubble generator that can apply for cell culture. In addition to characteristics of the generated microbubbles, the effects of microbubble exposure on osteoblastic cell activity in 3D collagen gel were examined.
Materials and Methods

Microbubble generator
An original microbubble generator was newly developed (Fig 1) . The generator consisted of a rotating disk (20mm in diameter, 5mm in thickness), cup with an air inlet and bubble outlet, wire mesh filter, coupling, and DC motor. All of the components except the DC motor were made of stainless steel so that they could be sterilized by autoclaving. Air (5% CO 2 ) was filtered through a sterile 0.22µm filter (Dualex SP, Millipore, Bedford, MA, USA), and supplied to the gap between the disk and cup. By rotating the disk at 3500rpm, the supplied air was sheared and broken into small bubbles. Only microbubbles that could pass through the wire mesh filter (100µm pitch) were discharged from the outlet. Figure 2 shows a cell culture system with the microbubble generator. The generator was settled in an autoclavable glass culture vessel. A stainless steel cage was suspended, in which substrates for cell culture were placed. 
Measurement of microbubble diameter
Prior to cell culture experiment, diameter distribution of the generated microbubbles was examined. The culture vessel was filled with 140ml of culture medium which consisted of α-minimal essential medium (α-MEM, Gibco BRL, Paisley, Scotland, UK) containing 10% heat-inactivated fetal bovine serum (iFBS, Gibco BRL) and 1% antibiotics (penicillin and streptomycin, Gibco BRL). The microbubble generator was operated for 5 minutes so that the medium was full of microbubbles. Immediately after taking 500µl of medium onto a plastic culture dish, microbubbles in the medium were observed with a phase contrast microscope (IX71, Olympus, Tokyo, Japan). Several images were taken and recorded with a CCD camera, and then diameter of the microbubbles was analyzed on a personal computer.
Measurement of dissolved oxygen level
In order to reveal the effect of microbubble supply on dissolved oxygen (DO) concentration, periodic change of DO level was measured. Culture medium was degassed by a 15-minute sonication beforehand, and gently poured into the culture vessel. Following 10-minute operation of the microbubble generator, DO level was periodically measured for 150 minutes by a digital DO meter (DO-5509, Fuso Rikaseihin, Tokyo, Japan). Data were collected every 2 minutes for the first 30 minutes, and every 10 minutes after that. The measurement was performed at room temperature.
Osteoblast culture with microbubbles
Mouse calvarial osteoblast cell line MC3T3-E1 was obtained from RIKEN BioResource Center (Tsukuba, Japan). The cells were routinely maintained on a φ100-mm plastic culture plate with 10ml of the culture medium (α-MEM containing 10% iFBS and 1% antibiotics).
A culture substrate was originally fabricated to culture the dense cells in 3D collagen gel (Fig 3) . The substrate consisted of a φ12-mm coverslip that was sandwiched between silicon rubber sheets (12mm x 13mm rectangular, 1 and 2mm in thickness) with a φ7-mm hole, and the hole of the top silicon rubber sheet could provide a well for cell culture. Four sets of the substrates were settled in a plastic mesh cassette (Uni-cassette, Sakura Finetek Japan, Tokyo, Japan) (Fig 4) . The fabricated substrates were sterilized by autoclaving before use.
To examine the usefulness of microbubbles on high-density cell culture, collagen gel-embedded MC3T3-E1 cells were cultured with microbubble exposure. The cells were embedded 3D in collagen gel according to our previous studies with minor modification (14) (15) . Briefly, neutralized collagen solution was prepared by mixing 8 volumes of Cellmatrix type I-A (Nitta Gelatin, Osaka, Japan) with 1 volume of 10x α-MEM and reconstruction buffer (2.2g NaHCO 3 in 100ml of 0.05N NaOH and 200mM HEPES), respectively. The final concentration of type I collagen in the solution was 2.4mg/ml. For preventing the cell attachment and growth directly on the substrate, the sterile culture well described above was coated with 10µl of the collagen solution. After allowing the coating to solidify by a short incubation at 37ºC, 50µl of cell-suspended collagen solution (5 x 10 5 cells/ml of gel) was overlaid. For solidifying the gel, another 15-minute incubation was carried out at 37ºC. Then, the sterile culture vessel was filled with 140ml of the culture medium. The medium was supplemented with 50µg/ml ascorbic acid and 10mM Na-β-glycerophosphate in this time. Four cassettes containing 4 sets of the substrates each were settled in the culture vessel, and pre-cultured for 24 hours in a CO 2 incubator. After the pre-culture, the gel-embedded MC3T3-E1 cells were subjected to repetitive microbubble exposing regime, which consisted of 5-minute operation and 25-minute resting of the microbubble generator. Three different experimental groups were prepared; cell culture with microbubbles (MB+), cell culture with medium flow only (MB-), and control culture without the generator operation. In MB-group, no air was supplied to the microbubble generator. Although the rotating disk of the generator induced medium flow in the culture vessel, no microbubbles were observed in this case. The MC3T3-E1 cells were cultured for further 3days, and then examined as below. 
Cell viability assay
Viability of the gel-embedded cells was assessed after 3-day culture with and without microbubble exposure. The cells in the well were washed with phosphate buffered saline (PBS), and stained with 2µM calcein acetoxymethyl ester (calcein AM, Molecular Probes, Eugene, OR, USA) and 2µM ethidium homodimer-1 (EthD-1, Molecular Probes) for 20 minutes. Calcein produces green fluorescence in living cells, while EthD-1, which binds to nucleic acids, shows red florescence in dead cells. The stained cultures were rinsed with PBS twice, and the center of culture well was immediately observed under a fluorescence microscope. The number of red-fluorescent dead cells was counted in each view field and compared among experimental conditions.
Cell proliferation
To examine the effect of microbubbles on cell proliferation, the number of cells in the collagen gel was counted after 3-day culture. The gel-embedded culture in each well was transferred into a 15ml plastic tube, mixed with 450µl PBS containing 0.02% collagenase S-1 (Nitta Gelatin), and then degraded by 10-minute incubation at 37ºC. The cells were collected by gentle centrifugation and further trypsinized with 0.5% trypsine-EDTA (Gibco BRL). The collected cells were resuspended in culture medium and counted by using a hemocytometer.
Alkaline phosphatase activity
To quantify osteoblastic cell activity in the gel-embedded MC3T3-E1 culture, cellular alkaline phosphatase (ALP) activity was evaluated (16) (17) . The cells collected above were lysed into 100µl of lysing buffer (50mM Tris-HCl, 0.1% Triton X-100, 0.9% NaCl, pH 7.6). Aliquots of 20µl lysates were incubated with 15µl of 0.1M pNPP as a substrate and 85µl of assay buffer (0.1M Tris, 1mM MgCl 2 , pH 10.0) at 25ºC for 45 minutes. The enzyme reaction was terminated by addition of 100µl of 1.0M NaOH, and then the optical density at 405nm was measured. ALP activity of each cell was expressed by dividing intensity units of absorbance by cell number counted above. In parallel, protein contents of the cell lysates were determined by commercial BIO-RAD protein assay (BIO-RAD Laboratories, Richmond, CA, USA). The calibration curve for protein contents was made from absorbance measurement of serially diluted bovine serum albumin (BSA).
Statistic analysis
All of the experiments were repeated at least three times and values were presented as mean value±standard deviation (S.D.). Statistical analysis was performed with use of a one-way analysis of variance (ANOVA). When ANOVA indicated a significant difference among groups, the difference was evaluated using Fisher's protected least significant difference (PLSD). A confidence level of 95% (p < 0.05) was chosen for statistical significance. Figure 5 shows a micrograph of microbubbles that were produced by the newly developed microbubble generator. When diameter of each bubble was calculated from several micrographs, its distribution is described in Fig 6. Mean diameter was 18.7µm, and 66.8% of bubbles were distributed within 5-20µm in diameter.
Results
After a 10-minute operation of the microbubble generator, periodic change of DO level is shown in Fig 7. Introduction of microbubbles significantly elevated DO level in MB+ group by approximately 1.5mg/l. Although the DO was gradually decreased with time, the elevated level was sustained at least for 150 minutes. Figure 8 shows double-fluorescent micrographs of the gel-embedded MC3T3-E1 culture, in which live cell bodies were stained with green-fluorescent calcein and nuclei of dead cells were emitting read fluorescence of Eth-D1. After the culture was stained with the dyes, the center of culture well was immediately observed under a fluorescent microscope. MB- (Fig 8(b) ) as well as control group (Fig 8(c) ) showed dense cell proliferation; however, MB+ culture obviously showed a sparse distribution (Fig 8(a) ). Cell proliferation was also demonstrated by cell counting. The number of cells in degraded collagen gel was the smallest in MB+ group (Fig 9) . Regarding dead cells, more red-fluorescent nuclei tended to be observed in MB+ culture (Fig 8(d) ) compared to MB- (Fig 8(e) ) and control (Fig 8(f) ). Quantitative comparison also indicates that the number of dead cells was significantly increased by introduction of microbubbles (Fig 10) .
Protein content, which could be proportional to cell number, was significantly smaller in MB+ culture compared to MB-and control groups (Fig 11) . Relative ALP activity of cell lysates, which was expressed as intensity units of colorimetric absorbance divided by cell number, was compared in Fig 12, indicating that microbubble exposure significantly increased osteoblastic cell activity. There was no statistical difference between MB-and control groups. 
Discussion
In this study, we developed a new microbubble generator and examined its usefulness for cell culture by introducing microbubbles to 3D collagen gel-embedded osteoblastic cell culture. Our apparatus could release the bubbles that had an enough quality as microbubbles. Diameter of major bubbles was ranging from 5 to 20µm and highly DO level was sustained by introducing microbubbles. In addition to these characteristics, our microbubble generator has some practical advantages compared to previous systems. First, by designing the generator to be autoclavable and compact, it could be easily sterilized by autoclaving and settled inside a CO 2 incubator. Fabrication of 3D tissues generally needs to incubate the cells for several weeks or months. Keeping sterile condition is extremely important for such a long culture. Assured autoclaving and cultivation inside a CO 2 incubator could reduce the risk of extrinsic contamination, and make the culture system easy to handle. Second, microbubbles could be generated without high-pressured fast flow of liquid. The most popular method for microbubble generation is to apply hydrodynamic cavitation; in other words, gas is introduced to high-pressured fast liquid flow and then collapsed into microbubbles. For instance, Tabei et al. generated microbubbles by introducing gas to swirling flow pressured up to 0.4MPa (12) . The diameter of discharge nozzle was 7-15 mm and outlet velocity ranged approximately 1.4-7.9 m/s. Sadatomi et al. also invented their original microbubble generator, which consisted of a round pipe having a sphere inside (13) . When water was supplied to the gap between inner wall of pipe and sphere surface at 10-50 l/min, gas was sucked in the fast turbulent flow and cavitated into microbubbles. Both generators were examined to utilize them for aeration system at fish farms and water purification at sewage treatment plants (18) (19) , and therefore generating a huge amount of microbubbles with using a simple apparatus and a large volume of liquid was the most important. On the other hand, considering cell and tissue culture, using a large volume of medium would be undesirable because it increases cost, and more importantly, dilutes beneficial active substances that secreted from cells. A number of active substances are secreted from cells, and then affect themselves as well as other neighboring cells. Utilizing these autocrine and paracrine signals is essential for obtaining cellular integrity in 3D tissue formation. Therefore, microbubble generator for cell and tissue culture needs to be a small-sized apparatus using minimal necessary medium. In our method, a rotating disk was immersed in culture medium, by which supplied air was intensively sheared into microbubbles. This saves necessary volume of medium for microbubble generation, leading to cost reduction. Besides, useful substances secreted from cells are not excessively diluted by medium, and therefore beneficial effects of autocrine/paracrine signaling are also promising. Third, microbubbles with a specific function can be easily generated when functional gas instead of air is provided to air inlet of the generator. For instance, a microbubble containing nitric oxide (NO) might be one of the possible candidates to apply for cell and tissue culture. NO is a free radical gas released from a wide variety of cells (20) .
It mediates communication between adjacent cells as well as signals inside cells. Including immunological, neuronal and cardiovascular tissues, NO is considered to act as an important physiological mediator and effector in many biological systems. To apply NO to culture medium, several chemical compounds such as S-nitroso-N-acetyl-penicillamine (SNAP) and diazeniumdiolate (NONOate) have been previously used (21) (22) . They liberate NO or NO adducts spontaneously on contact with aqueous buffers. Hughes et al. demonstrated that NO supplied exogeneously by chemical compound was important in stimulating expression of cyclooxygenase 2 and prostaglandin synthesis, which means NO would be one of bone resorption regulators (23) . However, the effect of NO introduction in microbubble form has been never reported yet. NO is eventually oxidized to nitrite and nitrate, and these end products might have harmful effects on cell viability. Although further consideration is needed to use microbubble-formed NO in cell culture, our microbubble generator would be the easiest and most appropriate system to introduce various microbubble-formed gases into culture medium. When MC3T3-E1 osteoblastic cells were cultured with microbubbles, MB+ as well as MB-group showed a significant increase in the number of dead cells. The increasing number of EthD-1 positive cells meant that necrotic cell death was induced during culture. In our microbubble generator, the supplied air was sheared and broken into microbubbles by a rotating disk, inducing medium flow. The medium flow causes shearing force on cell surface, and the cells generally sense it as mechanical stimulation (24) (25) . Although adequate shearing force has a positive effect on cell activity, excess exposure brings a negative result (26) . Considering the results of viability assay, the induced medium flow by the generator would damage the MC3T3-E1 cells, resulting in the suppressed cell proliferation. To overcome this harmful effect of the shearing force, we would be able to arrange the culture vessel design, preventing the medium flow direct to the place where the gel-embedded MC3T3-E1 cells were settled.
Comparing three experimental groups, MB+ showed the lowest cell viability, which would be caused by a synergistic effect of the shearing force mentioned above and introduction of microbubbles. Microbubbles might have induced excessive hyperoxic environment around the cells. Negative effects of hyperoxia on cell viability have already reported in previous studies. For instance, epithelial cells incubated at 95% O 2 condition showed hyperoxia-related death that was caused by both necrotic and apoptotic processes (27) (28) . Hyperoxic injury was also confirmed in whole body level, in which a significant retardation in tumor cell growth was observed (29) . Although DO level was kept to be high in our study with intending to supply enough amount of oxygen to 3D culture, hyperoxic culture medium might have excessively injured the cells. In spite of these negative effects of microbubble-induced hyperoxia, only the MB+ group showed a significant increase in relative ALP activity. These conflicting results coincide with previous study; Tuncay and his coworkers have exposed osteoblastic cells to atmosphere of 90% O 2 hyperoxia, and reported that hyperoxia condition suppressed cellular proliferation, whereas increased ALP activity and collagen synthesis (30) .
When it comes to cell culture under hyperoxia condition, conventional aeration method such as gas sparging or air bubbling might be useful; however, the generated bubbles in rather large size would be quickly fused and elevated to liquid surface with aggressively mixing culture medium. This would not only cause cell damage but also be disadvantage on dissolving oxygen in the medium. On the other hand, microbubble is generally defined as a bubble smaller than 50µm in diameter. It hardly fuses with neighboring microbubble because of negative-charged surface, and therefore it stays as a unique bubble in liquid for a long time. Additionally, the charged microbubble is capable of trapping positive-charged particles and taking them to liquid surface. Since relative surface area of microbubble is quite larger than that of usual bubble, microbubble has a great advantage on mass transfer through the bubble surface.
Although microbubble exposure could up-regulate osteoblastic activity in our 3D MC3T3-E1 culture, local distribution and periodical change of DO level must be further examined. Cell activity must be influenced by distribution of DO level in 3D collagen gel, and the distribution of DO level in the gel is further influenced by oxygen concentration boundary layer around the gel. Moreover, demand for oxygen would be varied in parameters such as cell density, cell species, and differentiated stage. Investigating optimal DO level by taking into consideration these parameters, and then regulating local DO level by controlling the amount of microbubbles would lead to efficient 3D tissue formation. In conventional culture method, the cells far from 3D scaffold surface often suffer from oxygen deficiency and then hypoxic cell death because of the limitation of gas diffusion in 3D culture. Microbubble introduction could be a promising and convenient method to solve the oxygen deficiency, especially in large-scale 3D culture. Revealing local behavior of microbubbles around and inside 3D scaffold is also important to realize successful culture. Diameter of microbubbles mainly ranged within 5-20µm in our system, which is approximately the same or as smaller size as general cells. Interaction between microbubbles and cells must affect cell activity and consequent tissue formation. Some previous studies demonstrated that microbubbles combined with ultrasound exposure increased permeability of cellular membrane (31) , and furthermore capillary rapture in tissue (32) . These traumatic injuries usually accompany release of inflammatory factors from the cells, which possibly influencing on cell activity by autocrine/paracrine signaling. Although it is still unknown what effects the microbubble-induced hyperoxia have on bone cells and how a single cell will behave when a microbubble approaches, introduction of microbubbles to culture medium could control osteoblastic cell activity. Taking advantage of unique characteristics of microbubbles, our newly developed microbubble generator would have a great potential to utilize for effective aeration in dense 3D cell culture, and to regulate cell activity.
Conclusion
A compact microbubble generator has been developed for applying microbubbles into cell culture. When MC3T3-E1 osteoblastic cells were 3D cultured in collagen gel, microbubble exposure decreased cell viability. However, relative alkaline phosphatase activity was significantly enhanced by microbubbles, meaning that microbubble-induced hyperoxia has a potential to enhance osteoblastic cell activity. Our microbubble generator could be a promising method of an effective aeration to meet high oxygen demand in dense 3D cell culture and to control cell activity.
